1. Introduction {#sec1}
===============

The exact mechanisms within the brain that underlie most psychiatric disorders remain largely unknown, and one of the major challenges in psychiatric research is to identify the pathophysiology in the brains of patients with these disorders. This is challenging because psychiatric disorders are diagnosed on the basis of behavioral characteristics and not biological criteria. Therefore, each psychiatric disorder likely consists of multiple biologically heterogeneous populations, which further complicates the search for underlying pathophysiologies.

Previously, studies have identified the "immature dentate gyrus (iDG)," a potential brain endophenotype shared by several psychiatric disorders, including schizophrenia and bipolar disorder. The iDG was identified in animal models of psychiatric disorders, which were selected using large-scale behavioral screening of genetically engineered mice \[[@B1]\]. In the iDG phenotype, most of the granule cells or principal neurons in the dentate gyrus (DG) within the hippocampus are arrested at a pseudoimmature status, in which the molecular and physiological properties are similar to those of normal immature neurons from the DG. To date, the iDG phenotype has been identified in several strains of mutant mice, including *α*-CaMKII heterozygous knockout (HKO) mice \[[@B1]\], Schnurri-2 (Shn-2) knockout (KO) mice \[[@B2]\], mutant SNAP-25 knock-in (KI) mice \[[@B3]\], and forebrain-specific calcineurin (CN) KO mice \[[@B4]\]. A signature pattern, quite similar to the iDG phenotype identified in these mutant mice, has also been found in mice treated with chronic fluoxetine \[[@B5]\] and in a pilocarpine-induced mouse model of epilepsy \[[@B6]\]. Moreover, postmortem analysis for molecular markers of neuronal maturity in the DG revealed an iDG-like signature for brains of patients with schizophrenia and bipolar disorder \[[@B7]\].

The purpose of this review is to introduce how the iDG phenotype was identified and its molecular and cellular signature. An additional goal is to summarize potential mechanisms underlying the iDG phenotype and its impact on brain functions.

2. Discovery of iDG in ***α*-**CaMKII HKO Mice {#sec2}
==============================================

A high-throughput comprehensive behavioral testing battery was developed for many different strains of genetically engineered mice. The battery of tests covers many behavioral domains ranging from sensorimotor functions to highly cognitive functions, like learning and memory. In the course of a large-scale effort to phenotype the genetically engineered mice (mutant mice), this battery of tests was administered to more than 160 strains of knockout and transgenic mice ([Figure 1](#fig1){ref-type="fig"}) \[[@B8]\]. Surprisingly, when tested most of the strains of mutant mice displayed at least some aberrant behavioral phenotypes, which may suggest that many of the genes expressed in the brain may have some functional significance at the behavior level. In the course of screening the mutant mice populations, a number of mouse strains were identified that showed abnormal behaviors common to neuropsychiatric disorders (e.g., schizophrenia, bipolar disorder, and autism). Among these mutant mouse models, the *α*-CaMKII HKO mice showed a particularly dramatic series of abnormal behaviors. The first discovery of the iDG phenotype occurred during investigations into the neuropathophysiology underlying these behaviors.

Calmodulin-dependent protein kinase II (CaMKII) is a major downstream molecule of the *N*-methyl-d-aspartic acid (NMDA) receptor, which has presumed involvement in the pathophysiology of schizophrenia. The function of the NMDA receptor can be modulated by calcineurin, a potential susceptibility gene we previously identified \[[@B9], [@B10]\]. CaMKII is thought to play an essential role in neural plasticity, such as long-term potentiation and long-term depression \[[@B11]\].

Perhaps the most striking behavioral phenotype of *α*-CaMKII HKO mice is that they occasionally kill their cage mates (often littermates). Prior to 6 months of age, *α*-CaMKII HKO mice kill more than half of their group-housed cage mates. In addition, these mice show greatly increased locomotor activity in the open field test. While *α*-CaMKII HKO mice demonstrate normal reference memory, as assessed by the reference memory version of the eight-arm radial maze test, their working memory is severely impaired. Likewise, in the T-maze forced-alternation test, the working memory of the *α*-CaMKII HKO mice was found to be severely impaired, while they showed normal performance in a simple left/right discrimination task using the same apparatuses. Previous studies have presented representative videos of the performance of *α*-CaMKII HKO mice in these tasks \[[@B12]\]. Using the home cage locomotor activity monitoring system, which measures distance travelled in the home cage, it was shown that the locomotor activity patterns of the *α*-CaMKII HKO mice slowly and dramatically change over time. These mice show a periodic mood-change-like behavior in their home cage ([Figure 2(a)](#fig2){ref-type="fig"}), and 1 cycle lasts approximately 10--20 d. The manifestations of this behavioral phenotype are so clear that these mutant mice can be easily identified using these activity patterns.

The next task was to understand the underlying pathophysiology in the brains of the *α*-CaMKII mutants that show this dramatic array of behavioral abnormalities. First, a transcriptome analysis of the hippocampus of mutant mice was conducted. Gene expression in *α*-CaMKII HKO mice was highly dysregulated, with altered expressions of more than 2,000 genes in the hippocampus of the mutants. Surprisingly, of the top 30 hippocampal genes with downregulated expression in *α*-CaMKII mutants, 6 genes showed highly selective expression in the DG ([Figure 2(b)](#fig2){ref-type="fig"}). These data implied the existence of some unknown abnormalities in the DG of these mutants.

Adult neurogenesis was then examined and a large upregulation (\>50%) of neurogenesis was demonstrated in *α*-CaMKII mutant mice. Traditionally, the process of adult neurogenesis involves a recapitulation during which stem/progenitor cells give way to immature postmitotic neurons, which then mature to adopt distinct morphological and physiological properties in the hippocampus. Based on the observed upregulation of adult neurogenesis in the *α*-CaMKII mutant mice, it was interesting to determine whether the *α*-CaMKII mutant mice followed the traditional path of neurogenesis. Gene chip analysis of hippocampus demonstrated a reduced expression of the gene for calbindin, a marker for mature neurons in the DG, in the mutants. Furthermore, calbindin, as assessed by immunohistochemistry, was dramatically reduced in the DG of the *α*-CaMKII mutants ([Figure 2(c)](#fig2){ref-type="fig"}). In addition, expression of calretinin, a marker for immature neurons in the DG, was increased, as was expression of polysialylated neuronal cell adhesion molecule (PSA-NCAM), a marker for late progenitor cells and immature neurons. Taken together, these findings suggest that in *α*-CaMKII mutant mice the number of immature neurons are upregulated and the number of mature neurons are downregulated.

Golgi staining was also performed to examine the morphology of the DG neurons. Interestingly, staining of the DG was difficult to achieve in the *α*-CaMKII mutant mice, presenting a challenge in the quantification of morphological alterations. Fewer dendritic intersections and shorter overall dendritic length were demonstrated in the *α*-CaMKII mutant mice, consistent with the idea that DG neurons in these mice are immature.

Moreover, DG neurons in the *α*-CaMKII mutant mice were found to have many electrophysiological features that are known characteristics of immature dentate neurons, including high input resistance and a decreased number of spikes during sustained depolarization. This finding indicates that, in the *α*-CaMKII mutant mice, most of the DG neurons have electrophysiological properties consistent with those of immature neurons. Interestingly, *α*-CaMKII HKO mice also exhibit abnormal synaptic transmission/plasticity at mossy fiber-CA3 synapses. Specifically, *α*-CaMKII mutant mice have increased basal transmission and dramatically decreased facilitation at these synapses.

The *α*-CaMKII HKO mice were mated with transgenic mice expressing destabilized Venus (dVenus) under the Arc promoter. Arc is known to be induced by neural activity. In normal mice, a number of hippocampal neurons (including DG neurons) become positive for Arc-dVenus after performing working memory tasks ([Figure 2(d)](#fig2){ref-type="fig"}). In *α*-CaMKII HKO mice, Arc-dVenus expression is almost completely abolished in the DG after performing a working memory task, suggesting that the DG in these mutants is not fully functional \[[@B14]\].

These experiments were the first to demonstrate that the most of the DG neurons in *α*-CaMKII HKO mice are arrested at a pseudoimmature status. This arrest of maturity was termed the "immature dentate gyrus (iDG)" phenotype.

3. iDG Is an Endophenotype Shared by Genetically Engineered Mice with Abnormal Behaviors Characteristic for Neuropsychiatric Disorders {#sec3}
======================================================================================================================================

After identification of the iDG phenotype, it was important to investigate whether other strains of mutant mice share this phenotype. Over the past 10 years, the behaviors of mutant mice have been assessed continuously using the comprehensive behavioral test battery previously described \[[@B8]\]. The majority of the behavioral phenotypes reported are registered in the mouse phonotype database (<http://www.mousephenotype.org>). This database was used to identify strains of mice that exhibited behavioral phenotype(s) similar to that shown by the *α*-CaMKII mutants. More than 160 different strains of mutant mice were investigated, and the best behavioral match was identified in a strain of the mice lacking a transcription factor called Schnurri-2 (Shn-2 KO mice) \[[@B2]\].

Shn-2 KO mice show an array of behavioral abnormalities that is quite similar to those of *α*-CaMKII HKO mice, including hyperlocomotor activity and severe deficits in working memory. In Shn-2 KO mice, locomotor activity is dramatically increased and prepulse inhibition (PPI) is impaired \[[@B2]\]. However, Shn-2 KO mice have normal reference memory, as assessed by the left-right discrimination task performed in a T-maze. In addition, the Shn-2 KO mice have severely impaired working memory, as suggested by their performance in the T-maze forced-alternation task and the eight-arm radial maze (Figures [3(a)](#fig3){ref-type="fig"}--[3(d)](#fig3){ref-type="fig"}) \[[@B2]\].

To identify the pathophysiologic abnormalities responsible for the behavioral phenotypes in Shn-2 KO mice, an additional gene chip analysis was conducted and the hippocampal transcriptome patterns of Shn-2 KO mice were compared to those of *α*-CaMKII HKO mice. Remarkably, the 2 mutant strains showed strikingly similar gene expression patterns in the hippocampus (Figures [4(a)](#fig4){ref-type="fig"} and [4(b)](#fig4){ref-type="fig"}), with expression of \>100 genes altered in a similar manner with regard to both the direction and the magnitude of the alterations. For example, as observed in *α*-CaMKII HKO mice, calbindin expression was dramatically decreased in the DG of Shn-2 KO mice ([Figure 4(c)](#fig4){ref-type="fig"}) \[[@B2]\]. Whole-cell patch recordings made from granule cells in the DG revealed that DG neurons in Shn-2 KO mice have electrophysiological features shown by immature neurons, such as a lower current threshold for firing, a short latency to the first spike, and a decreased number of spikes during sustained depolarization \[[@B2]\]. This evidence supports the conclusion that Shn-2 KO mice also express iDG phenotype. Additional strains of mutant mice with the iDG phenotype have also been identified.

Synaptosomal-associated protein of 25 kDa (SNAP-25) regulates exocytosis of neurotransmitters and is thought to be involved in the neuropsychiatric disorders such as schizophrenia \[[@B15], [@B16]\], attention-deficit/hyperactivity disorder (AD/HD) \[[@B17], [@B18]\], and epilepsy \[[@B19], [@B20]\]. The iDG phenotype was also identified in SNAP-25 knock-in (KI) mice with a single amino acid substitution \[[@B3]\]. Behaviorally, these mice also show severe deficits in working memory. Of note, chronic administration of valproic acid, an antiepileptic drug, rescued both the iDG phenotype and working memory deficit in SNAP-25 KI mice. CN is a key signal transduction molecule in the brain, and several studies have suggested a link between dysfunction of CN signaling and schizophrenia \[[@B9], [@B21]\]. Conditional forebrain-specific CN KO mice also exhibit abnormal behaviors related to schizophrenia \[[@B10], [@B22]\], including a severe working memory deficit, and an iDG phenotype was also observed in CN KO mice \[[@B4]\].

Further studies have established a method for assessing the existence of the iDG phenotype using real-time polymerase chain reaction (PCR) with 3 probes ([Figure 5](#fig5){ref-type="fig"}) \[[@B23]\] selected using gene chip data from *α*-CaMKII HKO mice. The molecular markers for iDG include increased expression of dopamine receptor D1A (*Drd1a*) and decreased expression of tryptophan 2,3-dioxygenase (*Tdo2*) and desmoplakin (*Dsp*) in the DG of mutant mice \[[@B1]\]. To date, based on these molecular markers for iDG, 9 of the 16 strains of mice that exhibited abnormal behaviors (e.g., hyperlocomotor activity, reduced anxiety-like behavior, and impaired working memory) have been shown to express the iDG phenotype. These results suggest that iDG is a common endophenotype shared by mice with behavioral abnormalities characteristic for neuropsychiatric disorders.

Furthermore, the current results demonstrated that hippocampal gene expression patterns of mice expressing a constitutively active cAMP-response element-binding protein (CREB) variant (VP16-CREB) were similar to those of *α*-CaMKII HKO, Shn-2 KO, or SNAP-25 KI mice. Notably, VP16-CREB mice exhibited dramatic alteration in expression of *Calb1*, *Dsp*, glial fibrillary acidic protein (*GFAP*), and complement genes in the hippocampus \[[@B24]\]. It has been shown previously that CREB activation is observed in immature granule cells and plays important roles in differentiation, survival, and maturation of neurons \[[@B25]\]. Thus, it is possible that chronic activation of CREB induced a maturation abnormality of the granule cells, resulting in an iDG-like phenotype.

4. Induction of iDG in Wild-Type Animals {#sec4}
========================================

The iDG phenotype can be seen not only in genetically engineered mice, but also in properly manipulated wild-type normal mice. For example, Kobayashi et al. found that chronic treatment with the antidepressant fluoxetine (FLX), one of the most widely used selective serotonin reuptake inhibitors (SSRI), can induce iDG phenotypes in adult mice \[[@B5]\]. In FLX-treated mice, expression of *Calb1*, *Tdo2*, and *Dsp*, markers for mature granule cells, was greatly reduced in the DG. In contrast, expression of calretinin, a marker for immature granule cells, was increased in the DG \[[@B5]\]. These findings suggest that the number of immature granule cells is upregulated and the number of mature granule cells is downregulated in FLX-treated mice. Electrophysiologically, FLX-treated granule cells showed higher excitability, which is a functional characteristic observed in immature granule cells. FLX treatment was also found to reduce mossy fiber synaptic facilitation to juvenile levels \[[@B5]\]. These molecular and electrophysiological phenotypes found in FLX-treated mice are strikingly similar to those found in *α*-CaMKII HKO, Shn-2 KO, and SNAP-25 KI mice (see [Table 1](#tab1){ref-type="table"}). This likely represents an example of "dematuration," in which mature neurons are reversed to a pseudoimmature status. In the study by Kobayashi et al., the dose of FLX used to treat wild-type mice was higher than the doses used in other studies using both wild-type mice \[[@B26], [@B27]\] and mouse model of depression \[[@B28], [@B29]\]. This FLX-induced iDG caused by "dematuration" may be related to the antidepressant-induced mania/psychosis observed in clinical settings.

Recently, a second group reported that FLX treatment induced an immature state in basolateral amygdala neurons in adult brains \[[@B30]\]. In their study, chronic FLX treatment reduced the percentage of neurons containing perineuronal nets (PNNs) and expressing parvalbumin (PV) in the region. PNNs predominantly surround mature PV-positive fast-spiking (FS) neurons. PNNs develop late in postnatal development and their formation coincides with the closure of critical developmental periods and the maturation of PV-positive neurons \[[@B31], [@B32]\]. During the critical period, absence of PNNs is thought to allow the induction of synaptic plasticity. Degradation of PNNs could reactivate synaptic plasticity in adult brain \[[@B33], [@B34]\]. Thus, FLX treatment shifted the PV- and PNN-containing neurons toward an immature state in the adult basolateral amygdala \[[@B30]\]. The amygdala plays a crucial role in fear-related behaviors. Chronic FLX treatment has been thought to increase synaptic plasticity, converting fear memory circuitry to a more immature state, subsequently allowing erasure of that fear memory. A bidirectional regulation of neuronal maturation in both the DG and amygdala could be an important mechanism of FLX action. In terms of regulation of neuronal maturation, chronic FLX treatment has also been shown to reactivate ocular dominance plasticity in the adult visual cortex \[[@B35]\]. Considering that ocular dominance plasticity is restricted to a critical period during postnatal development \[[@B33]\], chronic FLX treatment could reinstate a juvenile-like form of that plasticity in adulthood. These findings suggest that "dematuration" of neurons caused by FLX is not specific to the DG granule cells.

In addition to FLX, another SSRI, paroxetine, is most likely to induce "dematuration" of DG granule cells in adult mice. Chronic paroxetine treatment has been found to suppress calbindin and *Dsp* expression in the DG \[[@B5], [@B36]\] and reduce frequency facilitation at mossy fiber-CA3 synapses (mossy fiber synapses formed by immature granule cells exhibit smaller frequency facilitation) \[[@B5]\]. These results suggest that serotonergic antidepressants can reverse the state of neuronal maturation in the adult DG.

Individuals with epilepsy are at significant risk of psychosis with emerging behavioral features that include hallucinations, mood instability, mixed irritability, and mania. Recent genetic studies have shown that chromosome copy number variations, such as the 15q13.3 microdeletion, as conferring an increased risk for developing psychosis and epilepsy and suggest that common phenotypes in epilepsy and psychosis may share a genetic basis.

Pilocarpine-induced seizure is a well-established rodent model of temporal lobe epilepsy. Based on previous evidence demonstrating a permanent reduction in calbindin mRNA and protein expression from the hippocampus of rats following pilocarpine treatment (and a similar reduction in human epileptic brains post mortem), it was hypothesized that mice with pilocarpine-induced seizures also exhibit an iDG phenotype. Establishment of the iDG phenotype in this mouse model of epilepsy was expected to further support the link between the pathophysiologies of epilepsy and psychosis. Molecular markers for the iDG phenotype were demonstrated in mice with pilocarpine-induced seizures, including dysregulated gene/protein expression of calretinin/calbindin, as well as hallmark alterations in other iDG markers such as *Drd1a, Tdo2*, and *Dsp*. Mice with pilocarpine-induced seizures also displayed characteristic iDG phenotypes at the electrophysiological levels, including decreased polarization of resting membrane potentials, lower spike threshold currents in their DG granule cells \[[@B6]\]. Although these characteristics resemble those found in *α*-CaMKII HKO, DG granule cells in pilocarpine-treated mice exhibited a significant increase in repetitive spiking by sustained depolarizing currents. This was in sharp contrast to the *α*-CaMKII HKO, which showed relatively few spikes following the same stimulation protocol. Granule cells from pilocarpine-treated mice resemble neurons observed in chronic FLX-treated mice. Therefore, similar to what was observed as a result of pilocarpine treatment in mice, seizure-induced changes in the epileptic brain may lead to a "dematuration" of DG granule cells resulting in an iDG \[[@B6]\]. Remarkably, the behavioral phenotypes of mice with pilocarpine-induced seizures are similar to those found in earlier iDG mouse models, specifically hyperlocomotor activity, working memory deficits, and social withdrawal.

5. iDG Phenotype and Human Psychiatric Disorders {#sec5}
================================================

The discovery of an iDG phenotype in multiple strains of mice with behavioral abnormalities suggests a link between iDG and the distinct behavioral traits characteristic of schizophrenia and other psychiatric disorders. To assess whether iDG is related to human psychiatric disorders, comprehensive gene expression data from 166 hippocampi were analyzed from human brains postmortem, including brains of 21 patients with psychiatric disorders. Comprehensive gene expression analysis was performed using a specific biomarker set derived from *α*-CaMKII HKO mice, including 10 genes selected (*ADCY8*, *CCND1*, *LOC151835*, *LOC284018*, *NTNG1*, *PDYN*, *PIP3-E*, *PNCK*, *SPATA13,* and *TDO2*) due to differential expression in the iDG mutant hippocampus. Statistical clustering of the gene expression data was performed using all 166 hippocampi from human brains collected postmortem. The analysis roughly classified subjects into 2 clusters, one of which (schizophrenia-enriched cluster) contained 19 of the 21 patients with psychiatric disorders (including schizophrenia, schizoaffective, and bipolar patients) \[[@B1]\]. Furthermore, the gene expression profile was compared between the patients with schizophrenia in the schizophrenia-enriched cluster and the individuals with no major psychiatric diagnosis, and 26 differentially expressed probes were identified in the patients with schizophrenia. Interestingly, 12 of the 26 identified genes were related to neurogenesis and cell-maturation/migration; these 12 included calbindin whose expression was reduced by \>60% in the schizophrenia-enriched cluster. In a similar, independent study, Altar et al. conducted DG transcriptome analysis in human patients with schizophrenia \[[@B37]\] and indicated that calbindin was significantly downregulated in the DG of these patients.

Patients with schizophrenia and those with bipolar disorder have also been examined for the molecular characteristics of the iDG phenotype. Postmortem immunohistochemical analysis of brain tissue revealed that patients with schizophrenia and those with bipolar disorder display significantly elevated calretinin expression in the DG, compared to both control subjects and patients having major depression. The increase of calretinin is strongly correlated with a history of psychosis. Moreover, compared to both control subjects and patients having major depression, patients with schizophrenia and those with bipolar disorder have significantly elevated ratio of calretinin to calbindin \[[@B7]\]. These facts demonstrate that an iDG-like condition may be also found in human patients with schizophrenia and/or bipolar disorder.

A mouse model of schizophrenia that expresses the iDG phenotype (Shn-2 KO mice) has been shown to display a series of brain phenotypes found in schizophrenia. These phenotypes include decreased gamma-aminobutyric acidergic (GABAergic) neuronal molecules (i.e., PV, glutamic acid decarboxylase isoform 67 (GAD67), *Gabra1*, etc.), reduction of oligodendrocyte markers (myelin basic protein and 2′,3′-cyclic-nucleotide 3′-phosphodiesterase (CNPase)), thinner cortex, and abnormal electroencephalographic findings (increased theta waves and decreased gamma waves). The gene expression pattern in Shn-2 KO mice was compared with that in patients with mental disorders obtained from publicly available array data using the bioinformatics tool, NextBio (Cupertino, CA, USA). NextBio is a repository of analyzed microarray datasets that allows an investigator to search results and the expression profiles of publicly available microarray datasets. This analysis determined that the highest degree of gene expression overlap was detected from Broadmann area 10 (BA10) in postmortem tissue from patients with schizophrenia and from control subjects, with 100 genes commonly altered in both Shn-2 KO mice and patients with schizophrenia \[[@B2]\]. The similarity was extraordinal (*P* = 9.5 × 10^−14^), which is unlikely to be obtained by chance. Furthermore, the expression levels of 76 of these 100 genes were altered in the same directions (Figures [6(a)](#fig6){ref-type="fig"} and [6(b)](#fig6){ref-type="fig"}). These findings support the idea that iDG or an equivalent phenomenon could also be present in human brain.

6. Maturation Abnormalities of Neurons other than DG Granule Cells in Humans with Psychiatric Disorders {#sec6}
=======================================================================================================

Growing evidence from postmortem research implicates abnormal neurodevelopment in the pathogenesis of schizophrenia and other psychiatric disorders. In addition to detection of the iDG-like condition mentioned earlier, immaturity of neurons other than DG granule cells has also been shown in the brains of patients with psychiatric disorders.

The maturation of GABA signaling is characterized by progressive switches in expression from GAD25 to GAD67 and from NKCC1 to KCC2 in the prefrontal cortex (PFC) and hippocampus of human brain. GAD25 is predominantly expressed in the fetus, whereas GAD67 is stably expressed across development \[[@B38]\]. GABA synthesis is increased concurrently with the switch from GAD25 to GAD67. The cation-chloride cotransporters, NKCC1 and KCC2, contribute to change of GABA from an excitatory to an inhibitory neurotransmitter in developing brain. NKCC1 expression predominates early in the developmental period and KCC2 expression rises as brain development progresses \[[@B38], [@B39]\]. In the hippocampus of patients with schizophrenia, GAD25/GAD67 and NKCC1/KCC2 ratios are increased and KCC2 expression is significantly decreased, indicating a potentially immature state in a certain type of GABAergic neurons \[[@B38]\].

Decreased levels of PV have been shown in brains of individuals with schizophrenia \[[@B40]--[@B43]\] and bipolar disorder \[[@B44]\]. Because PV is known to be a marker of mature FS inhibitory neurons, FS cells were hypothesized to be immature in these psychiatric disorders \[[@B45], [@B46]\]. In this context, Gandal et al. developed an FS cell maturation index. Using time-course gene expression data from developing FS cells that were positively correlated with PV expression levels, they showed a reduction of the index in cortices of patients with schizophrenia, bipolar disorder, and autism \[[@B46]\]. These results suggest that FS neurons are arrested in an immature-like state in the cortices of patients with these psychiatric disorders.

Furthermore, reduction of PNNs has been reported in the lateral nucleus of the amygdala and in layer II of the lateral entorhinal cortex of subjects with schizophrenia \[[@B32], [@B47]\]. PNNs are chondroitin sulfate proteoglycan-(CSPG-) containing neural extracellular matrices and are particularly enriched around PV-positive inhibitory neurons. Because numbers of PV-positive cells are normal within these regions in schizophrenia, the reduction of PNNs indicate downregulated CSPG levels, rather than loss of PNN-associated neurons \[[@B47], [@B48]\]. Disruption of PNN formation is thought to lead maturation abnormalities in selective neuronal populations, including those expressing PV \[[@B33], [@B34]\]. Since PNNs develop late in postnatal development and coincide with the maturation of PV-positive neurons \[[@B32], [@B34]\], the reduction of PNNs may imply that the PV-positive neurons remain at an immature-like state in the amygdala and entorhinal cortex of subjects with schizophrenia.

Taken together, these findings suggest that immaturity of neurons in adult brain can be seen, not only in the DG, but also in other brain regions in humans with psychiatric disorders. Further studies that focus on defining the maturation state of cells could identify maturation abnormalities of cells in additional brain regions.

7. Potential Mechanisms Underlying iDG {#sec7}
======================================

When attempting to fully understand the iDG phenotype, a logical next question is: what are the underlying mechanisms causing iDG? Both genetic and pharmacological manipulations have been shown to induce the iDG phenotype, and these factors could provide clues towards identifying the mechanisms behind this phenotype.

7.1. Inflammation {#sec7.1}
-----------------

One clue into these mechanisms may lie in the normal functions of genes that, when altered, produce mouse models that express the iDG phenotype. For example, Shn-2 can be linked to the inflammatory cascade in that Shn-2 was originally identified as a nuclear factor-kappa B (NF-*κ*B) site-binding protein that tightly binds to the enhancers of major histocompatibility complex (MHC) genes in the MHC regions of chromosome 6 \[[@B49]\]. Recent genome-wide association studies have identified a number of single nucleotide polymorphisms (SNPs) in the MHC region associated with schizophrenia \[[@B50]--[@B54]\]. There are several MHC class I genes (*HLA-A*, *HLA-B*, etc.), each with similar promoter structures that have 2 NF-*κ*B binding motifs \[[@B55]\]. Upon inflammation, NF-*κ*B is known to bind to these enhancers and to initiate transcription of genes involved in immune functions. Shn-2 binds these motifs but does not substitute for the transcriptional function of NF-*κ*B \[[@B56]\]. Instead, Shn-2 competes with NF-*κ*B for binding to the motifs and inhibits NF-*κ*B activity. It has been reported that Shn-2 KO mice have constitutive NF-*κ*B activation and that T-cells of these mice show dramatic enhancement in differentiation towards T-helper Type 2 cells (Th2), a phenomenon called "Th2 slant," \[[@B57]\] which is observed in patients with schizophrenia \[[@B58]\]. Thus, Shn-2 is an inhibitor of NF-*κ*B, a major mediator of inflammation.

Due to the link between Shn-2 and inflammation, altered gene expression patterns were expected in Shn-2 KO mice. Using the bioinformatics tool, NextBio, publicly available datasets were analyzed to find the conditions where transcriptome patterns are similar to those found in the PFC of Shn-2 KO mice. Gene expression patterns in the PFC of Shn-2 KO mice were found to be similar to those seen in inherently inflammatory conditions (e.g., prion infection, malaria encephalopathy, spinal cord injury, brain injury, and kidney tissue treated with lipopolysaccharide) (Figures [6(c)](#fig6){ref-type="fig"}--[6(f)](#fig6){ref-type="fig"}). However, this analysis highlighted that the scale of inflammation for Shn-2 KO mice is quite different from other inflammatory conditions (i.e., the inflammation in Shn-2 KO mice is much weaker in terms of the magnitude of the changes). Additionally, it was found that many of the genes with altered expression in both Shn-2 KO mice and patients with schizophrenia were inflammation-related genes ([Figure 6(b)](#fig6){ref-type="fig"}). Astrocytic activation is considered an indication of inflammation and GFAP, a reactive astrocyte marker, is increased not only in Shn-2 KO mice but also in SNAP-25 KI \[[@B3]\], FLX-treated \[[@B59]\], and pilocarpine-treated mice \[[@B60]\]. Therefore, the iDG phenotype can be associated with inflammation-like phenomena.

7.2. Neuronal Hyperexcitation {#sec7.2}
-----------------------------

In pilocarpine-induced epilepsy mouse models, a single episode of status epilepticus (SE) was not enough to induce the iDG phenotype. Chronic models of animal epilepsy develop spontaneous recurrent seizures (SRS) following SE over a period of months or years. In mice with pilocarpine-induced epilepsy, the markers of the iDG phenotype were identified in mice that developed SRS following SE, but not in mice that, after pilocarpine-induced SE, did not develop SRS \[[@B6]\]. These findings have 2 potential interpretations: (1) tonic/chronic hyperexcitation of hippocampal neurocircuits leading to SRS is needed to induce the iDG phenotype, or (2) the iDG phenotype itself is necessary for the development of SRS. However, a representative model of iDG (*α*-CaMKII HKO mice) has a more than 4-fold increase in sensitivity to pilocarpine for triggering seizures, but not developing SRS.

Recently, it has been reported that SNAP-25 KI mice sometimes exhibit spontaneously occurring convulsive seizures after postnatal days 21--24 \[[@B61]\]. These seizures can be suppressed with chronic administration of valproic acid, an anticonvulsant, starting at postnatal day 16 \[[@B62]\]. These findings led to an investigation of whether iDG phenotypes and behavioral abnormalities could be rescued in mutant mice by suppression of recurrent epileptic seizures with valproic acid. Results showed that in the DG of SNAP-25 KI mice decreased expression of calbindin and increased expression of calretinin could be rescued with chronic administration of valproic acid. Valproic acid treatment also reduced the previously observed increase in the size of the DG and significantly improved working memory in these mice \[[@B3]\]. These results suggest that recurrent epileptic seizures underlie "dematuration" of DG granule cells, which induce the iDG phenotype.

Hyperexcitability of the DG granule cells is a feature shared among mice that express the iDG phenotype. The threshold current required to induce an action potential is reduced in *α*-CaMKII HKO, Shn-2 KO, SNAP-25 KI, and FLX-treated mice ([Table 1](#tab1){ref-type="table"}). Furthermore, the increased sensitivity to pilocarpine (with respect to the seizure threshold) in *α*-CaMKII HKO mice supports the idea that hyperexcitation induces the iDG phenotype \[[@B6]\]. Previous studies have reported region-specific loss of GABAergic inhibition following SE/SRS, especially from the CA1, CA3, and hilar regions in the hippocampus. Notable molecular/morphological deficits observed in iDG mouse models include a reduction of the GABAergic system in the hippocampus (e.g., a reduction of PV-positive interneurons and decrease of GAD67 expression, Takao et al. \[[@B2]\]). Although it is probably too simplistic to conclude (or even to speculate) that a simple loss of GABAergic cells and/or function from the hippocampus may contribute to induction of the iDG phenotype, these data suggest that sustained hippocampal neuronal hyperexcitation, caused by loss of GABAergic inhibition, may be a common driving force for initiating a cascade of molecular events that lead to development of the iDG phenotype. Collectively, these findings support the idea that neuronal hyperexcitation leads to "dematuration" of mature granule cells in the DG, thereby contributing to iDG phenotypes.

It should also be noted that iDG phenotypes are usually associated with mild chronic inflammation. Shn2-KO, SNAP-25 KI, pilocarpine-treated, FLX-treated, and paroxetine-treated mice commonly demonstrate upregulated expression of complement and MHC genes and GFAP, suggesting that neuronal hyperexcitation is a source of inflammatory-like processes in the brains of these mice. In contrast, recent research has highlighted the involvement of the immune system in the development of epilepsy. For instance, inflammatory cytokines are increased in the central nervous system (CNS) and plasma of epilepsy model animals and of patients with epilepsy \[[@B63], [@B64]\]. Moreover, inflammation in the CNS is associated with damage to the blood-brain barrier (potentially leading to leakage) that is known to enhance neuronal excitability and has been implicated in epileptogenesis \[[@B65]--[@B67]\]. In this context, Fabene et al. demonstrated that pilocarpine-induced SE enhances leukocytic inflammatory changes in the CNS vasculature, consequently generating epileptic activity \[[@B68]\]. Based on these data, a possible positive feedback mechanism between neuronal hyperexcitation and inflammatory conditions could subsequently induce iDG phenotypes.

More recently, it has been reported that knockdown of *Disc1* (disrupted in schizophrenia 1), specifically in adult-born DG neurons, results in enhanced excitability \[[@B69]\]. The *Disc1* gene was originally discovered in a Scottish family with a high incidence of psychiatric disorders, including schizophrenia and bipolar disorder \[[@B70]\]. *Disc1* knockdown also caused pronounced cognitive and affective deficits, which could be reversed when affected DG neurons were inactivated \[[@B69]\]. These findings are consistent with the hypothesis that hyperexcitation of DG neurons may underlie behavioral abnormalities related to schizophrenia and other neuropsychiatric disorders.

7.3. Other Clues {#sec7.3}
----------------

The iDG phenotype is associated with several other cellular/molecular alterations, and these changes may serve as clues to the mechanisms underlying the phenotype. The GluR1 subunit of *α*-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid-type glutamate receptor is dramatically reduced in most, but not all, mice that express the iDG phenotype. For example, it has been reported that GluR1 expression is reduced in the DG of *α*-CaMKII HKO \[[@B71]\] and Shn-2 KO \[[@B2]\]. Interestingly, GluR1 is expressed primarily in mature granule cells and can be used as a marker for maturation of granule cells \[[@B71]\]. Physiologically, Ca^2+^-permeability mediated by GluR1 and/or GluR3 subunits is strongly associated with granule cell maturation \[[@B72]--[@B74]\]. The GluR1 reduction demonstrated in these mutants may be consistent with the idea that DG granule cells are immature in these mice.

Arc and c-Fos are immediate-early genes (IEGs) that are commonly used as markers for the maturity of in vivo activity-dependent responsiveness of granule cells, whose expression can be stimulus-induced in 3- to 5-week-old cells \[[@B75], [@B76]\]. As mentioned previously, Arc promoter activity was dramatically reduced in the DG of *α*-CaMKII mice after performing working memory tasks \[[@B14]\]. Likewise, Arc induction after exposure to a novel environment or receiving electrical foot shocks was reduced in the DG of Shn-2 KO \[[@B2]\] and SNAP-25 KI mice \[[@B3]\]. In FLX-treated mice, expression of c-Fos was reduced after receiving foot shocks \[[@B5]\]. Since activity-dependent processes have been implicated in the maturation of adult neural progenitors, if reduction of IEG expression (or, conversely, promotion of expression) represents a state of low-responsiveness to behavioral stimulations in the granule cells of mice expressing the iDG phenotype, activity-dependent maturational mechanisms are also likely impaired in these cells. However, granule cells are more excitable in *α*-CaMKII HKO \[[@B1]\], Shn-2 KO \[[@B2]\], SNAP-25 KI \[[@B3]\], and FLX-treated mice \[[@B5]\]. Therefore, suppressed IEG induction in mice expressing the iDG phenotype might be the result of decreased activity and/or impairments in activity-dependent gene regulation in the DG.

Adult neurogenesis in the DG was assessed using incorporation of 5-bromo-2′-deoxyuridine (BrdU) and was elevated in *α*-CaMKII HKO \[[@B1]\], FLX-treated \[[@B26]\], and pilocarpine-treated mice. In the pilocarpine model of epilepsy, BrdU incorporation was increased in the acute phase after SE \[[@B60]\], as well as in the period of SRS \[[@B77]\]. However, despite the occurrence of epileptic seizures in SNAP-25 KI mice, reduced adult neurogenesis was observed in these mutants \[[@B3]\]. Further studies are needed to fully assess whether altered adult neurogenesis is involved in formation of the iDG phenotype. Electrophysiologically, an increase in granule cell excitability and a reduction of frequency facilitation at mossy fibre-CA3 synapses were found in *α*-CaMKII HKO, Shn-2 KO, SNAP-25 KI, and FLX-treated mice. These shared molecular and physiological alternations in mice with the iDG phenotype may provide important clues to investigate the mechanisms underlying iDG.

[Table 1](#tab1){ref-type="table"} summarizes the behavioral, electrophysiological, and molecular patterns in different mice with the iDG phenotype. Some endophenotypes are perfectly shared, but others are not. There appear to be subgroups of the iDG phenotype, which may potentially correspond to different types of psychiatric disorders. Furthermore, there are likely some shared and some unshared mechanisms between the different groups of mice with the iDG phenotype.

8. Face and Construct Validity of iDG Mouse Models as Models of Psychiatric Disorders {#sec8}
=====================================================================================

Mice with the iDG phenotype possess face validity as animal models of schizophrenia at both the behavioral and molecular levels. In addition, various phenomena accompanied by the iDG phenotype are in good agreement with most of the major hypotheses of the disorder, supporting the construct validity of these models.

8.1. Face Validity {#sec8.1}
------------------

As mentioned earlier, mutant mice with the iDG phenotype (CN KO, *α*-CaMKII HKO, Shn-2 KO, and SNAP-25 KI mice) have been identified as potential models of schizophrenia and bipolar disorder, originally by behavioral screening designed to assess the face validity of this model. These mutant mice strains commonly exhibited severe working memory deficits, decreased PPI, impaired social behaviors, and hyperactivity. Impairments in working memory \[[@B79], [@B80]\], PPI \[[@B81]\], and social withdrawal \[[@B82]\] are prominent features of schizophrenia symptomatology. Hyperactivity is characteristic of rodent models of schizophrenia \[[@B83]\] and could correspond to the psychomotor agitation often present in patients with schizophrenia. Furthermore, FLX-treated and pilocarpine-treated mice express iDG and behavioral phenotypes shown by mutant iDG mice ([Table 1](#tab1){ref-type="table"}). Therefore, when evaluated at a behavioral level, mice expressing the iDG phenotype display a strikingly conserved behavioral phenotype.

Among these models, Shn-2 KO mice showed outstanding face validity as an animal model of schizophrenia. In addition, with respect to molecular profiles, Shn-2 KO mice shared altered molecular expression patterns with postmortem brain tissue from patients with schizophrenia. Significant similarities in expression direction and magnitude were detected when the gene expression pattern in Shn-2 KO medial PFC (mPFC) was compared with the pattern in schizophrenic frontal cortex (Brodmann area 10, BA10) examined postmortem \[[@B84]\]; 100 altered genes were detected in both Shn-2 KO mice and patients with schizophrenia. Of the 100 altered genes, 76 showed the same directional change in expression and, of the 76 genes, 42 were downregulated and 34 were upregulated \[[@B2]\]. A large number of genes previously implicated in schizophrenia or bipolar disorder were included in these groups. For example, 89 of the 100 similarly expressed genes have been identified as related to these disorders. Shn-2 KO mice also displayed decreased levels of PV in the frontal cortex, which has been widely observed in schizophrenia \[[@B40]--[@B43]\]. Fast-spiking PV-positive interneurons have been shown to be immature in the cortices of patients with schizophrenia, bipolar disorder, and autism \[[@B46]\]. This suggests that immaturity of this type of neuron in the cortex may underlie some of the cognitive deficits seen in these disorders. Shn-2 KO mice also exhibit decreased expression of PV and GAD67 in the hippocampus, which has been observed in the brains of patients with schizophrenia examined postmortem \[[@B85]--[@B87]\]. Furthermore, Shn-2 KO mice had significantly thinner cortex and reduced cell density in the prelimbic and primary visual cortices, consistent with observations in human patients with schizophrenia \[[@B88]\].

In addition to anatomical abnormalities, the cortex of Shn-2 KO mice exhibits physiological alternations. Cortical EEG analysis in mutant mice showed an increase in slow waves and a decrease in fast waves, both of which are observed in patients with schizophrenia \[[@B89]--[@B91]\]. Although present studies have evaluated the molecular and physiological validity using Shn-2 KO mice in detail, future studies are needed to address whether other mouse strains that express the iDG phenotype similarly fulfill the criteria for face validity.

8.2. Hyperdopaminergic/Hypoglutamatergic Hypotheses {#sec8.2}
---------------------------------------------------

The longstanding "dopamine hypothesis of schizophrenia" is based primarily on 2 facts: (1) all antipsychotics currently available to treat the positive symptoms of schizophrenia possess dopamine D2 receptor blocking activity and (2) hyperactive dopamine release in subcortical limbic brain regions, especially in the nucleus accumbens/striatum, has been consistently observed in patients with schizophrenia \[[@B92], [@B93]\]. Dopamine D2 blockers are widely used for treating bipolar mania and hyperactivity of the dopaminergic system during manic phases has also been proposed \[[@B94]\]. A hyperdopaminergic state in subcortical regions is believed to be associated with psychosis, a core constituent of positive symptoms of schizophrenia and a phenotype often observed in manic phase of the bipolar disorder, and a symptom that can be ameliorated using treatment with D2 blockers.

Intriguingly, *α*-CaMKII HKO mice have been proposed as a model of schizophrenia by Novak and Seeman \[[@B95]\], based on their finding that D2High receptors were elevated in the striatum (representing hyperdopaminergic state analogous to schizophrenia) of this mutant strain. Increasing evidence also supports that mice with iDG phenotypes are in a hyperdopaminergic state. For example, administration of haloperidol, a typical antipsychotic, significantly improved PPI impairment in Shn-2 KO mice \[[@B2]\]. Currently available antipsychotics (including haloperidol) work primarily by antagonizing dopamine D2 receptors and raising intracellular cAMP levels. Therefore, intracellular stimulation of cAMP levels is thought to have effects similar to treatment with antipsychotic medication \[[@B96], [@B97]\]. Rolipram is a cAMP-specific phosphodiesterase inhibitor that elevates intracellular cAMP levels. Chronic treatment with rolipram (in combination with ibuprofen) rescued a subset of mice expressing the iDG phenotype and improved working memory and nest building in Shn-2 KO mice. These findings suggest that lower intracellular cAMP levels are involved in a subset of behavioral abnormalities and iDG phenotypes.

Interestingly, dopamine D1 signaling is also upregulated in the DG of *α*-CaMKII HKO and Shn-2 KO mice, when assessed using receptor binding assay and receptor agonist sensitivity, respectively. Increased expression of *Drd1a* mRNA also suggests elevated D1 signaling in *α*-CaMKII \[[@B1]\], SNAP-25 KI \[[@B3]\], FLX-treated \[[@B59]\], and pilocarpine-treated mice \[[@B6]\]. Upregulated D1 signaling might serve as a compensatory mechanism to normalize intracellular cAMP levels in these mice. These results suggest the presence of a hyperdopaminergic state in the brains of mice with the iDG phenotype.

This hyperdopaminergic state is thought to be a consequence of NMDA receptor hypofunction. This assertion is supported by findings showing that acute application of an NMDA receptor antagonist stimulates dopamine release in both animal models and humans. CaMKII is a major downstream molecule of the NMDA receptor and plays an important role in long-term potentiation and long-term depression \[[@B98]\]. Since deficiency of *α*-CaMKII causes schizophrenia-related behavioral and iDG phenotypes, NMDA receptor hypofunction might be involved in the formation of the iDG phenotype. In addition, in *α*-CaMKII HKO mice, NMDA receptor- binding was also downregulated in the hippocampus, especially in the DG \[[@B1]\], supporting the idea of NMDA receptor hypofunction in these mutant mice. Additional evidence for this hypothesis includes the fact that MK-801, an NMDA receptor antagonist that causes schizophrenia-like psychosis in humans, produced significantly higher levels of drug-stimulated motor activation in CN KO \[[@B10]\] and Shn-2 KO mice \[[@B2]\]. Taken together, these findings suggest that hypoglutamatergic/hyperdopaminergic function is involved in the iDG phenotype.

8.3. Neurodevelopmental/Neurogenesis Hypothesis {#sec8.3}
-----------------------------------------------

The neurodevelopmental hypothesis is one of the major theories regarding the pathogenesis of schizophrenia \[[@B99]--[@B101]\]. This hypothesis is supported by several lines of evidence, including increased frequency of obstetric complications in patients with schizophrenia, the presence of neurological, cognitive, and behavioral dysfunction long before illness onset, the absence of postmortem evidence of neurodegeneration, and the induction of schizophrenia-like phenomena by neonatal hippocampal lesions in model animals \[[@B99], [@B101]--[@B103]\]. These findings are consistent with a neurodevelopmental model in which the etiology of schizophrenia may involve pathologic processes caused by both genetic and environmental factors that begin before adolescence when the brain approaches its adult anatomical state.

The iDG phenotype literally reflects a neurodevelopmental problem in which DG granule cells arrest in a pseudoimmature state. Takao et al. revealed that iDG phenotypes emerge at 2--4 weeks of age in Shn-2 KO mice \[[@B2]\]. In 2-week-old mice, there were no significant differences in the expression of calbindin and calretinin in the DG of Shn-2 KO and wild-type mice. However, when mice were evaluated at 1 month of age, calbindin expression was decreased and calretinin was increased in the DG of Shn-2 KO mice, indicating the postnatal (possibly adolescent) emergence of an iDG phenotype.

Specifically, the number of calbindin-positive cells was decreased at age of 4 weeks, compared to age of 2 weeks in Shn-2 KO mice, whereas, in wild-type mice, these cells increased throughout development. Even in adult wild-type mice, "dematuration" of mature granule cells and schizophrenia-related behavioral phenotypes, could be induced by chronic FLX treatment \[[@B5]\] or with pilocarpine-induced SRS \[[@B6]\]. These findings suggest that genetic and/or environmental factors could induce the maturational abnormalities of DG granule cells during the postnatal developmental period (and during adulthood).

Elevated neurogenesis has been defined as a core feature of the pathology associated with the iDG phenotype, with few exceptions (see \[[@B3]\]). One study supports a linkage between schizophrenia and decreased hippocampal neurogenesis, as tissues from human patients with schizophrenia had fewer proliferating Ki-67 cells than tissues from control subjects \[[@B104]\]. However, that study excluded several patients with neurogenesis levels greater than 5-fold baseline levels, which may represent a subset of patients with schizophrenia/bipolar disorder that display hyperactive neurogenesis.

8.4. Inflammation Hypothesis {#sec8.4}
----------------------------

The well-established role of inflammation in the etiology of schizophrenia is often referred to as the inflammation hypothesis \[[@B58], [@B105]--[@B107]\]. The link between prenatal infection and schizophrenia was first identified in an epidemiological study demonstrating increased schizophrenia risk in the offspring of women exposed to influenza during pregnancy \[[@B58]\]. Several other infectious factors have also been implicated in the pathogenesis of schizophrenia \[[@B58]\], suggesting that the disease may result from maternal immune response to infection. To this end, prenatal treatment with polyinosinic:polycytidylic acid (poly I:C), viral infection, and LPS treatment are used as rodent models of schizophrenia \[[@B106], [@B108]--[@B111]\]. As mentioned previously, Shn-2 KO mice were shown to exhibit mild chronic inflammation of the brain, as evidenced by increased inflammation markers (including complement and MHC class I genes, GFAP, and NADH/NADPH oxidase p22-phox) and genome-wide gene expression patterns similar to various inflammatory conditions \[[@B2]\]. Similarly, SNAP-25 KI mice, which develop epileptic seizures, showed increased expression of complement and MHC class I genes, and *GFAP* in the hippocampus \[[@B3]\]. In FLX-treated \[[@B59]\], paroxetine-treated \[[@B36]\], and pilocarpine-treated animals \[[@B112]\], gene chip data reveals hippocampal upregulation of complement and MHC genes, and *GFAP*. Therefore, the changes in inflammation-related molecules in these mice with iDG are consistent with inflammatory features found in the brains of patients with schizophrenia and epilepsy.

8.5. Collection of Genetic Association Study Results {#sec8.5}
----------------------------------------------------

Schizophrenia is highly heritable and multiple genetic and environmental factors are probably be involved \[[@B113]\]. Mice with iDG phenotype exhibit significantly altered expression of genes that have been reported to associate with schizophrenia.

For example, mutated genes that cause iDG phenotype have been implicated in schizophrenia by association studies. Based on the observation that CN KO mice display a spectrum of behavioral abnormalities strikingly similar to those observed in patients with schizophrenia \[[@B22]\], Gerber et al. examined whether CN dysfunction is involved in the etiology of schizophrenia \[[@B9]\]. By conducting transmission disequilibrium studies in a large sample of affected families, they reported evidence supporting an association between the *PPP3CC* gene encoding the CNA-gamma catalytic subunit and schizophrenia in populations from the United States and South Africa. The allelic and haplotypic associations of *PPP3CC* with schizophrenia were later confirmed in populations from Japan \[[@B21]\]. Thus, CN KO mice have good construct and face validity as a model for schizophrenia.

Moreover, recent genome-wide association studies have identified a number of SNPs in the MHC region associated with schizophrenia \[[@B50]--[@B53]\]. Many of these SNPs are located in or near NF-*κ*B binding sites that may be associated with susceptibility to schizophrenia \[[@B2]\]. Some of the genes surrounding these SNPs are dysregulated in the brains of patients with schizophrenia examined postmortem and/or the PFC of Shn-2 KO mice. As Shn-2 is a MHC enhancer-binding protein that binds to the NF-*κ*B binding motif, abnormal transcription of these genes may be induced by dysregulated NF-*κ*B signaling pathways, independent of any deficiency or mutation in Shn-2 itself.

In addition, recent human genetic studies have discovered associations between SNAP-25 and various psychiatric and neurological disorders, including schizophrenia \[[@B15], [@B16]\], ADHD \[[@B17], [@B18]\], and epilepsy \[[@B19], [@B20]\]. Translational convergent functional genomic study demonstrates that SNAP-25 is one of the top 42 candidate genes for schizophrenia \[[@B114]\]. Therefore, SNAP-25 KI mice also have strong construct validity for schizophrenia.

Many of the genes with decreased expression in both schizophrenic BA10 and Shn-2 KO mPFC have been reported to be associated with schizophrenia. Chowdari et al. reported that several SNPs in *RGS4*, regulator of G-protein signaling-4, are associated with schizophrenia \[[@B115]\]. It has been previously shown that *RGS4* expression is decreased across 3 cortical areas (including the PFC) of subjects with schizophrenia \[[@B116]\]. Consistent with these observations, *RGS4* mRNA expression was decreased in the mPFC of Shn-2 KO mice \[[@B2]\]. Additionally, significant associations were detected between samples from patients with schizophrenia and SNPs in*Cbln4*\[[@B51]\], *Gabra1*\[[@B117]\], and *Nrxn3*\[[@B51]\]. These genes are involved in synaptic transmission or synaptic plasticity, and expression of these genes is commonly decreased in both schizophrenic BA10 and Shn-2 KO mPFC. Thus, decreased expression of genes associated with schizophrenia could play a significant role in developing schizophrenic conditions in the PFC of iDG mice, especially of Shn-2 KO mice.

Genes related to neuronal excitation and inflammatory responses have been reported to be associated with schizophrenia \[[@B118]\]. As previously mentioned, these conditions are closely related to induction of the iDG phenotype. A meta-analysis of clinical data showed an association between SNPs in *KCNH2* (a human Ether-à-go-go-family potassium channel) and schizophrenia \[[@B119]\]. The *KCNH2*-3.1 isoform modulates neuronal firing, and its expression is increased in the hippocampi from individuals with schizophrenia, suggesting increased neuronal excitability in the schizophrenic brain \[[@B119]\].

Regarding inflammatory or immune response-related genes, as previously mentioned, a number of SNPs in the MHC region are associated with schizophrenia. In addition, many inflammatory response-related genes such as *C1QA*, *C1QB*\[[@B120]\], *TAC1*\[[@B121], [@B122]\], *TGFBR1*\[[@B122]\], and *TGM2*\[[@B123]\] have been associated with schizophrenia. *GFAP* is also known to have a significant association with schizophrenia \[[@B16]\]. These mRNA expression changes were in the same direction as changes seen in schizophrenic BA10 and Shn-2 KO mPFC \[[@B2]\]. Thus, it has been established that altered expression of genes related to neuronal excitation and inflammatory conditions could be involved in the brains of patients with schizophrenia as well as in mice with iDG phenotype.

Taken together, these findings indicate that mice with the iDG phenotype have high construct validity as animal models of schizophrenia, with many of the genes showing a significant association with schizophrenia.

8.6. Other Factors {#sec8.6}
------------------

Some other factors, such as dysfunction of oligodendrocytes or mitochondria, have been implicated in psychiatric disorders. Several potential deficits were observed in key oligodendrocyte markers, including decreases in CNPase and myelin basic protein (MBP), which is a major constituent of the myelin sheath of oligodendrocytes and Schwann cells. Decreased CNPase protein levels have been reported in schizophrenia \[[@B125]\]. Similarly, *MBP* mRNA levels were decreased in the DG as well as the mPFC of Shn-2 KO mice, and proteome analysis reveled that many mitochondria-related proteins (e.g., dihydrolipoamide *S*-acetyltransferase (DLAT), ubiquinol-cytochrome *c* reductase core protein (UQCRC), and NADH dehydrogenase \[ubiquinone\] Fe-S protein (NDUFS)) in the DG are affected in Shn-2 KO mice \[[@B2], [@B126]\]. These findings suggest that changes in the expression of molecules related to oligodendrocytes or mitochondria in the DG of Shn-2 KO mice would be consistent with the oligodendrocyte and mitochondria hypotheses of schizophrenia, respectively.

[Figure 7](#fig7){ref-type="fig"} shows a schematic representation of the model detailing how the iDG phenotype may be involved in schizophrenia, bipolar disorder, and other psychiatric disorders. This proposed model is based on the findings that mice with the iDG phenotype possess face and construct validity as animal models of these disorders. In these disorders, multiple genetic and environmental factors could induce mild chronic inflammation, and this could subsequently result in multiple endophenotypes (including iDG) in the brain, that may, as a whole, cause behavioral abnormalities in psychiatric patients.

9. A Possible Role of iDG in Behavioral Abnormalities Relevant to Neuropsychiatric Disorders {#sec9}
============================================================================================

9.1. iDG and Working Memory {#sec9.1}
---------------------------

Impairment in working memory is one of the core behavioral abnormalities in mice with the iDG phenotype. CN KO \[[@B22]\], *α*-CaMKII HKO \[[@B1], [@B12]\], Shn-2KO \[[@B2]\], SNAP-25 KI mice \[[@B3]\], and pilocarpine-treated animals \[[@B127]\] have been reported to display severe working memory deficits in the spatial working memory version of the eight-arm radial maze and/or in the T-maze forced-alteration task.

The hippocampal structure has been shown to be critically involved in working memory function \[[@B128], [@B129]\]. The DG is a key input node for the hippocampal structure. Perforant path fibers originating in the entorhinal cortex provide a major source of highly processed sensory information to DG granule cells. When rats with lesions in the DG were tested on working memory version of the eight-arm radial maze, they showed impairment in their ability to perform this version of the task \[[@B130]--[@B132]\]. Considering the evidence supporting involvement of the DG in working memory function, it is likely that the iDG phenotype has a negative impact on working memory function. However, the possibility that deficits in regions other than the DG cause impairments in working memory in the mice with the iDG phenotype cannot be excluded.

In working memory tasks, animals must rapidly establish and maintain a memory of visited areas based on single within-trial exposures and must suppress interference by memories obtained during previous trials. Deficits in either function could cause impairments in working memory tasks. Mice with the iDG phenotype commonly display a reduction of frequency facilitation at mossy fibre-CA3 synapses \[[@B1]--[@B3], [@B5]\]. Frequency facilitation is a potential mechanism for the involvement of the CA3 region in the processing of working memory, especially in quickly encoding novel information into the hippocampal memory system \[[@B133]\]. Therefore, the deficit might contribute to impairments in establishment and maintenance of memory in mice with the iDG phenotype. In addition, mice with the iDG phenotype might have deficits in processes that reduce memory interference. Interference between already remembered information and to-be-remembered information can have a profound effect on mnemonic accuracy \[[@B134]\]. DG granule cells have been proposed to play important roles in temporal pattern separation, in which an initial event should be separated from a later event \[[@B135], [@B136]\]. If this hypothesis proves true, mice with the iDG phenotype might have deficits in suppressing memory interference, leading to impaired working memory.

9.2. iDG, Pattern Separation, and Psychosis {#sec9.2}
-------------------------------------------

Among hippocampal subfields, computational models have highlighted the essential role of the DG for disambiguating similar events. This so-called pattern separation refers to the computational process for making representations for similar input patterns more orthogonal for better discrimination \[[@B137]--[@B140]\]. Experimental efforts have tested these computational hypotheses using hippocampal region-selective lesions \[[@B141]--[@B144]\], *in vivo* electrophysiological recording \[[@B145]\], and genetic manipulation \[[@B146]\]. More recently, investigation of adult-born DG neurons in memory formation has focused on specific function-pattern integration and pattern separation \[[@B147], [@B148]\]. Marín-Burgin et al. showed enhanced excitation/inhibition balance and low input specificity in immature granule cells \[[@B148]\]. These electrophysiological features of immature granule cells have been proposed to be crucial for pattern integration \[[@B148]\]. For example, mature granule cells are presumably very selective in their responses, which may contribute to pattern separation by making the stimulus inputs independent of one another. In contrast, the physiological properties of immature granule cells probably make them less selective, which may result in firing in response to multiple events \[[@B147], [@B148]\].

As mentioned earlier, granule cells in the pseudoimmature state are hyperexcitable in *α*-CaMKII HKO \[[@B1]\], Shn-2 KO \[[@B2]\], SNAP-25 KI \[[@B3]\], and FLX-treated mice \[[@B5]\]. Given that the physiological properties of pseudoimmature granule cells are comparable to those of immature granule cells in normal development, it is tempting to hypothesize that, due to a lack of appropriate memory separation, the iDG phenotype causes excessive integration and association of memories to actual and imaginary events.

However, Nakashiba et al. have reported that pattern separation requires adult-born immature granule cells, not mature granule cells \[[@B149]\]. The role of immature and pseudoimmature granule cells on pattern separation/integration remains controversial. Therefore, future studies are needed to examine input selectivity of pseudoimmature granule cells in mice with the iDG phenotype and to address whether they exhibit deficits in pattern separation.

An iDG signature, increased calretinin immunoreactivity, has been identified from patients with schizophrenia and bipolar disorder. The increase in the calretinin signal was positively correlated with a history of psychosis in these patients \[[@B7]\]. Similarly, in iDG mouse models, hyperlocomotor activity, generally thought to be linked to a hyperdopaminergic/psychosis state, has been consistently observed \[[@B1]--[@B3], [@B10]\]. Indeed, *α*-CaMKII HKO mice show hyperlocomotion and simultaneously display hypersensitivity to amphetamine-induced hyperlocomotion (Kogan & Matsumoto, unpublished observation), a well-established behavioral trait that is believed to reflect a hyperdopaminergic/psychosis state in patients with schizophrenia/bipolar disorder. Based on this evidence, iDG may represent a pathophysiological deficit shared among patients with psychosis, a deficit presumably linked to a hyperdopaminergic state. Interestingly, iDG signatures have also been identified in pilocarpine-induced epilepsy mouse models \[[@B6]\]. Epidemiological evidence indicates that psychosis is often comorbid with epilepsy and vice-versa \[[@B150]\]. Thus, these recent findings suggest that a common hyperdopaminergic state may further strengthen the link between epilepsy and psychosis \[[@B151]\].

How iDG contributes to psychosis and a hyperdopaminergic state remains an open question. While not fully answered, iDG may fit as a potential player in the disturbed neurocircuits, based on recent studies that have proposed that hippocampal neurocircuits influence dopaminergic neuronal tones that underlie psychotic and schizophrenic conditions \[[@B152], [@B153]\].

The consequences of iDG (specifically, excess immature/less-mature granule cells) on the function of the hippocampus also remain open questions. It has recently been proposed that immature granule cells in the DG may inhibit or destabilize activity of the entire DG via activation of inhibitory GABAergic input from hilar interneurons \[[@B154]\]. Because immature granule cells preferentially innervate hilar interneurons and these interneurons innervate all DG granule cells, excess immature neurons may consequently lead to gross inhibition of the DG. Although immature granule cells in iDG models are hyperexcitable compared to mature granule cells \[[@B1]--[@B3], [@B5]\], their hyperexcitability may cause further gross inhibition of DG by the proposed feedback mechanism from hilar interneurons. A synaptic competition for perforant path connections between older, more-mature granule cells and newly generated immature cells has also been proposed as a potential cause of the gross inhibition of the DG by immature granule cells \[[@B154]\]. In iDG mouse models, mature granule cells are dramatically reduced. This reduction of mature neurons could be easily connected to dysfunction of the DG, especially after considering the reduced arborization of DG granule cells in iDG models \[[@B1]\].

In iDG models, the DG also does not respond to stimulus (e.g., lack of c-Fos expression in DG following electric foot shock in *α*-CaMKII HKO mice \[[@B1]\] and dramatically reduced Arc induction in a novel environment in Shn-2 KO mice \[[@B2]\]). It currently remains unclear whether DG activity is actually decreased. Furthermore, it remains unclear if decreased DG activity leads to less glutamatergic input to CA3 from the DG through mossy fibers. Although mossy fibers from the DG to CA3 are glutamatergic and come into direct contact with CA3 pyramidal neurons, many mossy fiber synapses are connected to interneurons in CA3 that provide GABAergic inhibitory input to CA3 pyramidal cells. As a consequence, DG and mossy fiber activation causes a net inhibition within the CA3 network and presumably activates only a specific subset of CA3 pyramidal neurons \[[@B155], [@B156]\]. From this vantage point, net inhibition of the DG by immature granule cells may cause a tonic net activation of CA3. Induction of Arc transcription after foot shock was greatly suppressed in almost every region of the Shn-2 KO brain. Despite this near-ubiquitous reduction of Arc, comparable Arc induction was observed in the CA1 and CA3 regions of the hippocampus in Shn-2 KO and control mice. The relatively higher Arc induction in these regions suggests that CA areas in these mutant mice may be more active than other brain regions.

This functional failure in the hippocampal formation *per se* is proposed by Tamminga et al. \[[@B153]\] as an underlying mechanism of psychosis, in which hypoactive DG (weakened pattern separation) and hyperactive CA3 (strengthened pattern completion) confer psychosis (cognitive "mistakes") in patients with schizophrenia and other psychiatric conditions. Since an iDG signature was identified in patients with schizophrenia and bipolar disorder and due to its strong association with psychosis, it is conceivable that iDG is one of the potential mechanisms causing dysfunction of the DG and subsequent tonic activation of CA3-CA1 in patients with psychiatric conditions.

As discussed earlier, a subcortical hyperdopaminergic state in patients is also believed to play a pivotal role in the development of psychosis and is the only biochemical finding supported by the mechanism-of-action of currently available drugs. A hypothesis has been proposed by Grace et al. \[[@B152], [@B157]\] suggesting that overdrive of the subcortical dopamine system is caused by hyperactivation of the ventral hippocampus. Tonic activation of ventral CA3-CA1 induced by the iDG phenotype theoretically leads to activation of the ventral subiculum (vSub) through direct glutamatergic transmission. Glutamatergic afferents to the nucleus accumbens (NAc) from the vSub then activate GABAergic projections from the NAc to the ventral pallidum, suppressing pallidal GABAergic efferent neurons. Because dopaminergic neurons in the ventral tegmental area (VTA) that project to the subcortical limbic region (including the NAc) are governed by GABAergic inhibitory projections from the ventral pallidum, activation of the NAc by the vSub suppresses tonic inhibitory GABAergic inputs from the ventral pallidum and consequently leads to tonic activation of VTA dopamine neurons.

10. Conclusion {#sec10}
==============

In the course of large-scale behavioral screening of mouse models of neuropsychiatric disorders, a number of strains of mice displayed a series of schizophrenia-related behavioral abnormalities, including increased locomotor activity, severe working memory deficits, and decreased social interaction. Among these models, *α*-CaMKII HKO, Shn-2 KO, SNAP-25 KI, and CN KO mice all possessed an iDG phenotype. Subsequently, it was shown that chronic FLX treatment or pilocarpine-induced SRS reverses neuronal maturation, resulting in the iDG phenotype in wild-type mice. Importantly, iDG-like phenomena have been observed in the brains of patients with schizophrenia and bipolar disorder when examined postmortem. Based on these observations, iDG is proposed as a potential endophenotype shared by certain types of neuropsychiatric disorders.

Due to limitations of the current psychiatric diagnostic methods, schizophrenia, bipolar disorder, and other related psychiatric disorders are considered biologically heterogeneous populations. Therefore, an endophenotype-based analysis would be preferable for establishing biological characteristics for the classification of psychiatric disorders, rather than an analysis based on current diagnostic methods \[[@B158]\]. In this context, the current findings suggest that the iDG phenotype could be used as a potential brain endophenotype shared by neuropsychiatric disorders (including schizophrenia, bipolar disorders, and epilepsy) and could be useful for phenotype-based classification of these disorders. Furthermore, at least partial rescue of iDG phenotypes and some behavioral abnormalities was possible in Shn-2 KO and SNAP-25 KI mice with treatment based on possible mechanisms underlying the iDG phenotype. Further investigation of iDG as an important factor in the precipitation of, as well as recovery from, episodes of schizophrenia and other psychiatric disorders would facilitate the study of these disorders.
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![Mood-change-like behavior and the iDG phenotype in *α*-CaMKII HKO mice. (a) Pattern of locomotor activity of wild-type and *α*-CaMKII HKO mice in their home cage. Mutant mice were hyperactive and showed a periodic mood-change-like activity pattern. A.U: arbitrary unit. (b) Among the downregulated genes in the hippocampus of *α*-CaMKII HKO mice, several genes were expressed selectively in the DG (Allen Brain Atlas \[[@B13]\]. Seattle, WA: Allen Institute for Brain Science. © 2004--2008. Available from: <http://www.brain-map.org>). Graphs indicate the relative expression levels of each gene in the microarray experiment. (c) In *α*-CaMKII HKO mice, expression of PSA-NCAM (a late-progenitor and immature-neuron marker) and calretinin (an immature neuron marker) was markedly increased, and expression of calbindin (a mature neuron marker) was decreased. (d) Expression of Arc-dVenus in the DG of *α*-CaMKII HKO mice after the working memory task (eight-arm radial maze test) was completely abolished. *Red:* calbindin; *green:* Arc-dVenus. Adapted from Yamasaki et al. \[[@B1]\] and Matsuo et al. \[[@B14]\].](NP2013-318596.002){#fig2}

![Impaired working memory performance in Shn-2 KO mice. (a) In the spatial working memory version of the eight-arm radial maze, compared to controls, Shn-2 KO mice performed significantly worse with respect to the number of different arm choices in the first 8 entries (genotype effect: F~1,24~ = 62.104, *P* \< 0.0001). (b) Mutants made significantly more revisiting errors than controls (genotype effect: F~1,24~ = 45.597, *P* \< 0.0001; genotype × trial block interaction: F~12,228~ = 1.470, *P* = 0.1345). (c) Shn-2 KO mice also showed poor working memory performance in the T-maze forced-alternation task (genotype effect: F~1,21~ = 20.497: *P* = 0.0002; genotype × session interaction: F~7,147~ = 3.273: *P* = 0.0029). (d) Shn-2 KO and wild-type mice were comparable in the left-right discrimination task (genotype effect: *F* ~1,19~ = 0.209,  *P* = 0.6529) and reversal learning (genotype effect: *F* ~1,19~ = 5.917,  *P* = 0.0251). Asterisks indicate statistical significance determined using the Student\'s *t*-test with a correction for multiple comparisons in each block (a, b) and each session (c) (\**P* \< 0.05). Adapted from Takao et al. \[[@B2]\].](NP2013-318596.003){#fig3}

![Maturation abnormalities in DG neurons of Shn-2 KO mice. (a) The hippocampal transcriptome pattern of Shn-2 KO mice is similar to that of *α*-CaMKII HKO mice, which also demonstrated maturation abnormalities in the DG. Genes showing differential expression between genotypes at *P* \< 0.005 in both experiments were plotted. (b) Normalized gene expression of differentially expressed genes in Shn-2 KO and *α*-CaMKII HKO mice. The top 10 genes are indicated in the graphs. (c) Expression of the mature neuronal marker calbindin was decreased, and the expression of the immature neuronal marker calretinin was markedly increased in the DG of Shn-2 KO mice. Adapted from Takao et al. \[[@B2]\].](NP2013-318596.004){#fig4}

![Identification of the iDG phenotype using real-time polymerase chain reaction. iDG is characterized by upregulation of *dopamine receptor D1a* (*Drd1a*) and downregulation of both *desmoplakin* (*Dsp*) and *tryptophan 2,3-dioxygenase* (*Tdo2*) in the hippocampus. Asterisks indicate statistical significance determined using the Student\'s *t*-test (\*\**P* \< 0.01, *n* = 4--7 per group). Adapted from Yamasaki et al. \[[@B1]\], Takao et al. \[[@B2]\], Kobayashi et al. \[[@B5]\], and Shin et al. \[[@B6]\].](NP2013-318596.005){#fig5}

![Comparison of gene expression profiles between Shn-2 KO mice and individuals with schizophrenia. (a) Scatter plot of gene expression fold change values in the medial prefrontal cortex (mPFC) of Shn-2 KO mice and Brodmann area (BA) 10 of postmortem schizophrenia brain. (b) Genes differentially expressed in both Shn-2 KO mice and in schizophrenia. Red indicates gene upregulation and blue indicates downregulation in both Shn-2 KO mice and in schizophrenia. The top 40 genes with respect to the fold change values are included. Asterisks indicate inflammation-related genes. (c)--(f) The hippocampal transcriptome pattern of Shn-2 KO mice was similar to the transcriptome data from lipopolysaccharide (LPS) treatment ((c), *P* = 5.6 × 10^−9^), injury ((d), *P* = 5.7 × 10^−24^), prion infection ((e), *P* = 1.0 × 10^−18^), and aging ((f), *P* = 1.4 × 10^−26^). Adapted from Takao et al. \[[@B2]\].](NP2013-318596.006){#fig6}

![A schematic representation of the model of involvement of the iDG phenotype in psychiatric disorders. In psychiatric disorders, such as schizophrenia, bipolar disorder, and depression, multiple genetic and environmental factors could induce mild chronic inflammation. This could subsequently result in multiple endophenotypes in the brain, including iDG. Inflammation could induce alterations in neurogenesis \[[@B159], [@B160]\], mitochondrial dysfunction \[[@B161], [@B162]\], and oligodendrocyte dysfunction \[[@B163], [@B164]\]. Involvement of inflammation in induction of a hypoglutamatergic state or hyperdopaminergic state remains unclear. These possible endophenotypes may affect each other, which may, in turn, cause behavioral abnormalities in psychiatric patients. There may not be a single "principal" or "core" mechanism that underlies the behavioral symptom of psychiatric disorders. Indeed, a shared or preserved set of multiple endophenotypes, as a whole, may be the principal mechanisms of these disorders.](NP2013-318596.007){#fig7}

###### 

Behavioral, electrophysiological, and molecular phenotypes in mice with iDG.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                                 *α*-CaMKII HKO \[[@B1]\]   Shn-2 KO \[[@B2]\]   SNAP-25 KI \[[@B3]\]   CN KO \[[@B4], [@B10], [@B22]\]   FLX treatment \[[@B5]\]   Pilocarpine treatment \[[@B6]\]
  ---------------------------------------- ------------------------------------- -------------------------- -------------------- ---------------------- --------------------------------- ------------------------- ---------------------------------
  Behavioral\                              Locomotor activity                    ↑                          ↑                    ↑                      ↑                                 ↑↓ \[[@B78]\]             ↑
  phenotypes                                                                                                                                                                                                        

  Working memory                           ↓ \[[@B1]--[@B12]\]                   ↓                          ↓                    ↓                                                        ↓ \[[@B6], [@B127]\]      

  Social interaction                       Mutants kill cagemates                ↓                          ↓                    ↓                                                        ↓                         

  PPI                                      ---                                   ↓                          ↓                    ↓                      ---                                                         

                                                                                                                                                                                                                    

  Electrophysiological phenotypes          *Mossy fibre-CA3 synapse*                                                                                                                                                 

  Basal transmission                       ↑                                     ↑                          ---                                         ---                                                         

  Frequency facilitation                   ↓                                     ↓                          ↓                                           ↓                                 ---                       

  *Granule cell soma*                                                                                                                                                                                               

  Passive                                                                                                                                                                                                           

   Input resistance                        ↑                                     ↑                          ---                                         ---                               ---                       

  Active                                                                                                                                                                                                            

   Excitability                            ↑                                     ↑                          ↑                                           ↑                                 ↑                         

   Spike number                            ↓                                     ↓                          ↑                                           ↑                                 ↑                         

                                                                                                                                                                                                                    

  Molecular\                               *Markers of immature granule cells*                                                                                                                                       
  phenotypes                                                                                                                                                                                                        

  Dopamine D1 receptor (Drd1a)             ↑                                     ---                        ↑                    ↑                      ↑ \[[@B36]\]                      ↑                         

  Calretinin                               ↑                                     ↑                          ↑                    ↑                      ↑                                 ↑                         

  *Markers of mature granule cells*                                                                                                                                                                                 

  Tryptophan 2,3-dioxygenase (Tdo2)        ↓                                     ↓                          ↓                    ↓                      ↓                                 ↓                         

  Desmoplakin (Dsp)                        ↓                                     ↓                          ↓                    ↓                      ↓                                 ↓                         

  Calbindin                                ↓                                     ↓                          ↓                    ↓                      ↓                                 ↓                         

  GluR1                                    ↓ \[[@B71]\]                          ↓                                               ↓                      ---                                                         

  *Immediate early genes induction*                                                                                                                                                                                 

  c-Fos or Arc-dVenus                      ↓ \[[@B1], [@B14]\]                   ↓                          ↓                    ↓                      ↓                                                           

  *Inflammation-related molecules*                                                                                                                                                                                  

  Glial fibrillary acidic protein (GFAP)   ---                                   ↑                          ↑                    ↑                      ↑ \[[@B36]\]                      ↑ \[[@B60]\]              

  Complement components                    ---                                   ↑                          ↑                                           ↑ \[[@B36]\]                      ↑ \[[@B112]\]             

  MHC genes                                ---                                   ↑                          ↑                                           ↑ \[[@B36]\]                      ↑ \[[@B112]\]             

  *Adult neurogenesis*                                                                                                                                                                                              

  BrdU incorporation                       ↑                                                                ↓                    ↑                      ↑ \[[@B26]\]                      ↑ \[[@B60], [@B77]\]      
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

↑: Increased or upregulated.

↓: Decreased or downregulated.

---: Nonsignificant.

[^1]: Academic Editor: Chitra D. Mandyam
